Changes in the formation of dense water in the Arctic Ocean and Nordic Seas [the "Arctic Mediterranean" (AM)] probably contributed to the altered climate of the last glacial period. We examined past changes in AM circulation by reconstructing radiocarbon ventilation ages of the deep Nordic Seas over the past 30,000 years. Our results show that the glacial deep AM was extremely poorly ventilated (ventilation ages of up to 10,000 years). Subsequent episodic overflow of aged water into the mid-depth North Atlantic occurred during deglaciation. Proxy data also suggest that the deep glacial AM was~2°to 3°C warmer than modern temperatures; deglacial mixing of the deep AM with the upper ocean thus potentially contributed to the melting of sea ice, icebergs, and terminal ice-sheet margins.
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T he Atlantic Meridional Overturning Circulation (AMOC) plays an important role in Earth's climate, because it redistributes ocean heat and helps control the storage of carbon in the deep ocean. The primary Northern Hemisphere sources of dense water supplied to the AMOC are produced in the Arctic Mediterranean (AM) (1) . Warm surface waters from the Atlantic flow northward and circulate around the AM via several different pathways, gradually cooling (thereby releasing heat to the atmosphere) and becoming denser. Much of this water-mass transformation is thought to occur in the Nordic Seas via intermediate and deep open-ocean convection, with a smaller contribution from the Arctic Ocean involving the addition of dense waters from brineenhanced shelf water production (1, 2) . The dense water produced by these processes overflows the Greenland-Scotland Ridge, ultimately forming lower North Atlantic Deep Water (NADW) as part of the deep southward return flow of the AMOC.
Because of the northward heat transfer associated with the flow of warm surface water to convection sites, changes in deep-water formation in the North Atlantic and Nordic Seas are thought to be associated with the altered climate of the Last Glacial Maximum (LGM) and the abrupt climate events of the last deglaciation [~19 to 7 thousand years ago (ka)], such as the Northern Hemisphere cold intervals Heinrich Stadial 1 (HS1) and the Younger Dryas (YD) (3) (4) (5) , which affected global climate (6, 7) . In this study, we investigated circulation changes over the past 30 ka in the deep Norwegian Sea (and by inference, the broader AM) by reconstructing radiocarbon ( 14 C) ventilation ages and deep-ocean temperatures. Our results revealed an absence of deep convection within the AM throughout much of the last glacial period and the subsequent deglaciation; they instead suggest the presence of a relatively warm and extremely poorly ventilated water mass in the glacial deep AM that subsequently overflowed southward into the North Atlantic during the deglaciation.
North Atlantic radiocarbon reconstructions
Several studies have used seawater radiocarbon ratios (D 14 C) as a proxy for investigating past changes in the circulation of the North Atlantic (8) (9) (10) (11) (12) . In the modern high-latitude North Atlantic, deep convection in the Nordic and Labrador Seas quickly transfers surface waters that have equilibrated with the atmosphere to the deep ocean, resulting in a minimal surface-to-deep gradient in 14 C age (~100 years) (13) and wellventilated deep water in the North Atlantic.
Deglacial D
14
C reconstructions from the subtropical North Atlantic are consistent with the established view that there was shoaling of the AMOC [involving a switch from NADW formation to Glacial North Atlantic Intermediate Water (GNAIW) formation] and a northward incursion into the deep North Atlantic of 14 C-depleted southern-sourced water (SSW) (8, 11) during the last glacial period, HS1, and the YD. However, (1) . Deep and intermediate convection occurs in the Greenland and Norwegian Seas (thick blue arrows), whereas the deep Canadian basin may be ventilated by the sinking of small volumes of brine-enhanced shelf water (thin blue arrows) (1, 30) . Dashed lines are schematic isopycnals. Deep-water exchange between the AM and the North Atlantic (gray arrow) is restricted by the Greenland-Scotland Ridge, with a depth of~400 to 800 m.
these data also reveal that large fluctuations in D 14 C (shifts of up to~1000 14 C years within~100 calendar years) occurred in the mid-depth North Atlantic during HS1 and the YD, suggesting a complex history of circulation (8) . Recently, these fluctuations in mid-depth D 14 C, alongside temperature proxy data, have been cited as evidence that the AMOC switched from a glacial to an interglacial mode of circulation through the release of heat from warm deep water (14) . D 14 C reconstructions from the mid-depth (1.2 to 2.3 km) subpolar Northeast Atlantic, south of Iceland (at the South Iceland Rise), have revealed the presence of an extremely poorly ventilated water mass during cold intervals of the last deglaciation, with 14 C ventilation ages in excess of 5000 years (12) . In addition, rapid and large fluctuations in ventilation ages occurred during HS1 and the YD. These fluctuations are similar to the variability that has been reconstructed in the subtropical Northwest Atlantic, although the shifts south of Iceland are up to four times larger in amplitude. The source of the poorly ventilated water south of Iceland was initially interpreted as Antarctic Intermediate Water (AAIW) (12) , but more recent studies have shown that AAIW in the deglacial Atlantic was not as poorly ventilated as the water south of Iceland (9, 15, 16) . Available evidence also suggests that deep SSW was not sufficiently depleted in (3, 17) .
This study was therefore motivated by two aims. First, we sought to increase the understanding of AM circulation and to investigate whether there was continued deep convection in the Nordic Seas (or the AM as a whole) during the last glacial period. It is important to better constrain past circulation changes in the AM because (i) the amount of exchange between the surface and deep AM alters the properties of the dense water it exports (1, 2); (ii) regional and global climate are directly influenced by the northward heat transport associated with the inflow of warm surface waters feeding the high-latitude dense water formation sites (2); and (iii) ocean circulation changes have the potential to affect other components of the climate system, such as sea-ice extent and adjacent ice sheets. We also wished to investigate the cause of the mid-depth radiocarbon anomalies in the South Iceland Rise data. The present lack of a viable explanation for these data suggests a knowledge gap in our understanding of deglacial ocean circulation. Moreover, a more complete interpretation of deglacial variability in mid-depth North Atlantic 14 C ventilation ageswhich, for example, have been examined in recent studies of data from the New England seamounts (14, 18)-first requires us to constrain the various end-member water masses and the mechanisms by which they formed.
Ventilation changes in the AM
We obtained new benthic and planktic radiocarbon measurements from a marine sediment core collected in the Norwegian Sea (core PS1243, 2.7 km depth) ( Fig. 1) , which we selected because of its well-defined stratigraphy (19) . The age model was slightly modified from its original planktic 14 C-based chronology by tuning planktic d
18
O to nearby cores that had been placed on a Greenland ice core-based age model ( Fig. 2 and supplementary materials). Core sites from within the central Arctic Ocean were not chosen because of the low abundance of benthic foraminifera; in addition, the extremely low glacial sedimentation rate (20) would have increased the uncertainty in the stratigraphic age of samples and hence in the reconstruction of D
14
C. In contrast to the well-ventilated deep waters and the small benthic-planktic (B-P) 14 C offset (~100 years) of the Holocene and the present day, Table 1 and Fig. 2 show that much of the late glacial and deglacial Norwegian Sea was characterized by extremely poorly ventilated deep waters, with benthic ventilation ages of~7000 to 10,000 years (and B-P 14 C offsets of a similar magnitude). Moreover, these extremely old ventilation ages were only associated with a modest decrease in benthic d
13
C values. The coupling of relatively high d
C values (~0.8 to 1.4‰) with extremely old 14 C ventilation ages suggests that the aging of deep waters was not accompanied by substantial remineralization of organic matter at depth, probably reflecting low surface productivity ( Fig. 3 and supplementary materials). These data further suggest that the deep Norwegian Sea was the likely source of poorly ventilated water south of Iceland during the deglaciation (12) , and the slightly lower d
C values reconstructed for deglacial cold intervals south of Iceland can be explained by mixing between the Nordic overflow and low-d 13 C SSW (Fig. 3) . The observation of a poorly ventilated yet high-d 13 C end member highlights the complexity of interpreting benthic d 13 C in the subpolar Northeast Atlantic, because it cannot be interpreted as a simple two-end-member mixing scenario (i.e., SSW versus GNAIW or NADW). Our results demonstrate that during the deglaciation, a Nordic Seas overflow of extremely poorly ventilated water with d
C values of~0.8 to 1.4‰ took place; in addition, the chemically distinct contribution to GNAIW during the LGM identified in previous research (21) Our records indicate enhanced ventilation at the onset of the Holocene and the Bølling-Allerød (BA) periods, although additional measurements are required for confirmation (see the supplementary materials); they also point to an event at~16 ka that is in agreement with measurements from south of Iceland. Support for the existence of a brief (multicentennial-scale or less) deepwater formation event at~16 ka, with a benthicatmosphere offset of~300 years recorded both in the deep Norwegian Sea (at 2.7 km depth) and south of Iceland (at 2.3 km depth) (12) , can also be found in high-resolution records of planktic foraminifer faunal assemblages in the subpolar Northeast Atlantic ( fig. S3 and supplementary materials) . These records reveal a strong surface warming farther to the south, possibly caused by an increased northward flow of surface waters feeding the deep convection site, the precise location of which is uncertain.
Isolation of the deep central Arctic Ocean
The magnitude and rapidity of the shift from well-ventilated to poorly ventilated water at~23 ka cannot be explained by in situ aging of deep water at the Norwegian Sea core site; therefore, we infer the incursion of a pre-aged water mass. The most likely candidate for this is shoaling of isolated water in the deep central Arctic Ocean (supplementary materials), which is connected to the Nordic Seas via the Fram Strait and which has a volume of~1.2 × 10 7 km
3
-approximately four times greater than the deep (>1 km) Nordic Seas. Because the Arctic Ocean (and the AM as a whole) is a semi-enclosed basin that was further restricted during the last glacial period by the closure of the Bering Strait, it was susceptible to isolation and the development of poorly ventilated deep water.
Previous studies have suggested that there was thick ice cover across much of the Arctic Ocean during the LGM, leading to minimal or no sedimentation in the central Arctic of either terrigenous or biogenic material (20, 23) . With no appreciable surrounding continental-shelf area, there was probably also only a minor contribution to the deep ocean from brine-enhanced shelf water (24) . These conditions would favor the development of poorly ventilated bottom water with relatively high d (Fig. 2) for the data point at~23 ka (i.e., the first occurrence of old water in data from core PS1243), using a surface reservoir age of 400 years, suggests that the deep Arctic Ocean may have become isolated at~30 ka (i.e., close to the onset of MIS 2). At this time, sealevel records indicate the final rapid growth of continental ice sheets to their full glacial extent (26) and hence the loss of shelf seas, reducing vertical mixing (27) and brine-enhanced shelf water production (24) . However, this method does not consider any mixing or entrainment with younger waters. Therefore, if such entrainment occurred, it is possible that parts of the AM were older than our recorded ages and that the deep central AM was isolated earlier thañ 30 ka. Given its complex bathymetry, it is plausible that there were numerous distinct water masses residing within the deep AM during the (12) . Black circles are new data from the deep Norwegian Sea; gray shapes are data from RAPiD cores previously collected on the South Iceland Rise (circles, core 5P; squares, core 4P; triangles, core 1P). Five-pointed stars are published estimates for HS1, and four-pointed stars are estimates for modern water masses. 
Circulation changes and rates
Deep open-ocean convection in the modern Nordic Seas is variable and subject to perturbation (28); therefore, it seems probable that during the late glacial and deglacial periods, enhanced surface freshening caused the weakening and shoaling of open-ocean convection in the Nordic Seas. This would mean that the deep AM was only ventilated by limited deep-water formation, probably in coastal polynyas. The timing of the switch to poorly ventilated waters at~23 ka in the deep Norwegian Sea may have been the result of a marked weakening or shoaling of deep convection in response to surface freshening from melting icebergs (19) . Alternatively, it may simply have been caused by the slow accumulation of bottom water in the AM that was denser than the products of open-ocean convection in the Nordic Seas. Thus, the rapid switch to older benthic ventilation ages in core PS1243 at~23 ka probably records the upward migration of a sharp vertical gradient in radiocarbon ventilation age, separating the aged AM bottom waters from the overlying, better-ventilated products of open-ocean convection (supplementary materials). This is somewhat analogous to the model invoked for the glacial Atlantic Ocean, with dense SSW, formed partly by brine rejection processes around Antarctica, being overlain by well-ventilated GNAIW, the product of open-ocean convection south of Iceland (29) . The mechanism by which the aged water mass was subsequently transported into the North Atlantic is uncertain, but it must have involved either (i) the continued slow accumulation of aged water in the AM and its eventual overflow (Fig. 4) or (ii) a more rapid process of entrainment and displacement by overturning in the Nordic Seas during the deglaciation, possibly related to seaice formation and brine rejection as orbitally induced insolation changes promoted seasonal melting and refreezing of sea ice. Investigating these mechanisms will require a depth transect of cores to reconstruct water-column D
14
C profiles at time intervals throughout the glacial and early deglacial periods.
If the deep ventilation age of 10,000 years is interpreted as a water-mass residence time of 10,000 years in the deep AM, then we can infer that the replenishment rate of deep water must have been limited to~0.05 sverdrup [1 sverdrup (Sv) = 10 6 m 3 s
], presumably by processes such as brine-enhanced dense water production in coastal polynyas. This rate can be compared with estimates of~0.1 Sv for the modern contribution of brine-enhanced shelf-slope and entrained water to the deep Canadian Basin (30) . Employing estimates of vertical diffusivity from the modern Arctic in a simple advective-diffusive model of the deep Arctic demonstrates that ventilation ages similar to those that we reconstructed in the glacial deep AM (~10,000 years) are achievable, as long as bottom-water formation rates remain low (supplementary materials).
Recent work has suggested that there has been a persistent export of 
Implications
Using simple mass-balance calculations that include the possible volume of the poorly ventilated reservoir (i.e., the volume of the deep AM), limitations on its renewal rate (~0.05 Sv), and the observations from south of Iceland indicating overflow for a total of~5000 years [i.e., the combined duration of HS1, the YD, and the Intra-Allerød Cold Period, when highly 14 C-depleted water was present in the overflow region (12) (18) and how this signal propagated throughout the North Atlantic under reduced AMOC conditions. Possibly the AM was the source for the low-D 14 C event at 15.6 ka that was recorded in corals at the New England seamounts (14, 18) . However, the reconstructed temperatures of the deglacial AM are colder than those reconstructed at the New England seamounts for the 15.6 ka event (~0°to 1°C versus 3°to 4°C); therefore, substantial mixing with a warmer water mass must also have occurred.
The evidence for poorly ventilated conditions in the deep Nordic Seas also enables us to conclude that there was no significant contribution from the deep Nordic Seas (and by inference, from the deep Arctic Ocean) to the formation of GNAIW. This contrasts with suggestions by earlier workers (33) that relied solely on benthic d 13 C. Given faunal evidence for a persistent Atlantic inflow to the Nordic Seas (34) and possibly to the Arctic as a subsurface layer (35) , shallow to intermediate overturning in the Nordic Seas probably persisted throughout the LGM, contributing to GNAIW, as suggested by previous studies (3, 17, 19, 21, 36) . Also, while the deep AM remained isolated from the overlying, better-ventilated upper ocean, any surface inputs or perturbations to the AM, such as meltwater events, would not have mixed throughout the entire basin; rather, they would have largely been confined to the upper ocean.
Warm temperatures in the glacial deep AM
Because of deep convection, the modern deep Nordic Seas have a temperature of approximately -1°to -1.5°C. Published temperature proxy data, obtained using ostracod Mg/Ca ratios from core PS1243, indicate that temperatures of the deep Norwegian Sea during the last glacial period werẽ 2°to 3°C warmer than they have been during the Holocene (35) . In agreement with these estimates, newly obtained clumped isotope (D 47 ) and Mg/Ca temperature proxy data from benthic foraminifera in core PS1243 and neighboring core MD992276 indicate that the LGM was warmer than the Holocene by 2.9 ± 1.5°C (D 47 ) or 3.0 ± 1.0°C (Mg/Ca) ( Fig. 5 and supplementary materials) . An intermediate-to-deep AM during MIS 3 that was 2°to 4°C warmer than modern temperatures, caused by a deep inflow of Atlantic water, has been inferred (24, 35) . During MIS 2, when we infer an isolated deep AM, it is likely that geothermal heating contributed to warming in the deep AM. The contribution of geothermal heating to the modern Arctic Ocean is 40 to 60 mW m −2 (37); assuming that all the geothermal heat remained in a bottom-water layer 2000 m thick, the bottom water could have warmed by~2°C over 10,000 years. Because of the thermobaric effect, the development of warm and presumably relatively salty deep water, when overlain by colder and fresher water, provides a source of potential energy that can help drive ocean mixing and overturning (38) . Overturning of the deep Nordic Seas (or the Arctic) would allow the release of heat previously stored in the deep ocean, which could promote the melting of sea ice and destabilize marine-terminating ice sheets, such as the Barents Sea ice shelf, thereby contributing to the deglaciation of the region. Ostracod Mg/Ca data (35) and our new benthic foraminifera Mg/Ca data from the Norwegian Sea suggest that much of the heat stored in the deep Nordic Seas was released over the interval from~18 to 15 ka (i.e., during the early deglacial period, centered around HS1) (Fig. 5) . If deep AM waters were brought to the surface ocean, their carbon isotope composition must not have reequilibrated with the atmosphere, given that old ventilation ages are evident during the YD, when the deep AM appears to have lost much of its glacial heat. Probably this was due to surface stratification, sea-ice cover, and insufficient time at the surface for equilibration [analogous to modern upwelling of Circumpolar Deep Water and Antarctic Bottom Water (AABW) formation]. Whereas previous studies have suggested that a subsurface incursion of warm Atlantic water during HS1 triggered the collapse of ice shelves (39), we speculate that the release of deep-ocean heat stored in the previously isolated deep AM may have also contributed to the melting of ice shelves and terminal ice-sheet margins (as well as sea ice and icebergs) in the circum-AM region during the end of the glacial period. The buildup and release of heat from an isolated glacial deep AM plausibly also played a role in earlier glacial-to-deglacial transitions.
